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This paper investigates the flow characteristics of the renovated Cal Poly 3 x 4 ft
subsonic wind tunnel. The IFA 300 constant-temperature anemometer along with a crossplane X-wire dual-sensor probe was used to measure the mean velocity and turbulence
intensity of the tunnel flow and part of the turbulent boundary layer at one section of the
tunnel. Because of the malfunction of one channel of the IFA 300, only one wire of the dual
sensor probe was calibrated for the measurements. The probe was then placed in a
streamlined probe holder mounting on the traverse inside the wind tunnel. The turbulent
boundary layer thickness was found to be 6 inches. Flow uniformity in the surveyed tunnel
section was found to be acceptable with a maximum velocity deviation of 2.5%, and
turbulence intensity throughout the vast majority of the tunnel section was found to be less
than 0.5%. However, a region of high turbulence intensity (≈2.5%) was found at the top
center of the tunnel, which requires further examination.
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I.

Introduction

Wind tunnels are used to determine the aerodynamic characteristics of test models. To ensure accurate results,
the air flow within the wind tunnel must be as controlled as possible to eliminate unknown variables which could
affect the test. Besides velocity control, the uniformity of the airflow and the boundary layer characteristics of the
wind tunnel must also be known. This includes the turbulence of the airflow, the air velocity normal and tangential
to the desired flow, and the pressure distribution. This information can then be used to determine the validity of the
data gathered, and determine the optimal test locations. The California Polytechnic State University subsonic wind
tunnel was recently renovated to create a more uniform flow and reduce the turbulence. These improvements include
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replacement of the screens and a new honeycomb flow straightener. In order to determine the validity of these new
improvements, the wind tunnel’s aerodynamic characteristics need to be tested.
This experiment utilized a TSI IFA-300 constant-temperature hot-wire anemometer (serial number: 70605244)
and a cross-plane X-wire probe to gather velocities over a tunnel cross-section. From these measurements, the
uniformity of the mean velocity and turbulence intensity—and hence the quality of the tunnel flow—can be
determined. Due to the sensitivity and the multidirectional measuring capability of hot-wire probes, X-wire probes
are capable of studying the nature of laminar, transitional, and turbulent flows in the tunnel. But because of the
malfunction of a channel on the IFA 300, only one wire on the X-wire probe was used in the measurements.

II.

Apparatuses and Procedures

Hot-wire anemometers consist of wires forming a circuit that measures fluid velocity by measuring the voltage
change corresponding to the temperature change resulting from fluid convection. The temperature change causes a
change in the resistance of the wires leading to changes in the voltage output. Thermal anemometers maintain a
constant wire temperature by balancing the cooling effect of the fluid flow with current passing through the wires.
Voltage output is determined by the change in current due to fluid convection as it passes the wires. This convection
cools the wire and reduces its resistance, which increases with increasing fluid velocity. In addition, the X-sensor
allows measurements to be gathered and, using geometry, can determine fluid velocity in the normal and tangential
directions with respect to the probe. The hot wire is usually made of platinum or tungsten, and commercial ~5µm
hot-wire anemometers typically have a flat frequency response of up to 20 kHz. To measure liquid flow or highspeed gas flow, the platinum hot-film coated with a quartz fiber or hollow glass tube is typically used. The
advantages with using a hot wire anemometer are its high frequency response and excellent spatial resolution. Due
to the small diameter of the wire, its main disadvantages are the fragility and the high cost of the system. The hotwire anemometer can only be used in clean gas flow and must be regularly calibrated due to accumulated dust or
flow temperature change.
The experiment involved two apparatuses: a movement apparatus, which is first discussed, and a probe
apparatus, which is discussed after. The movement apparatus—shown from various angles in Figs. 1, 2 and 3—was
constructed upon the need to access, with a hot-wire probe, as many locations as possible within a selected crosssection of the wind tunnel test section.

Figure 1. Movement apparatus shown from a tunnel downwind perspective.
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Figure 2. Vertical traverse vehicle shown from the tunnel’s far wall perspective.

Figure 3. Vertical traverse with fairings shown from the tunnel’s far wall perspective.
The movement apparatus consisted of a steel horizontal beam—dimensions 48 x 4 x 0.5 inches—with one end
bolted to an Isel® horizontal traverse, and the other end to a Velmex BiSlide vertical traverse (model number:
MN10-0200-E01-31, accuracy: 0.00025 inches). The horizontal traverse was located next to and outside the wind
tunnel and the horizontal beam passed from this traverse to the tunnel’s test section through a foam-lined horizontal
4
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gap built into it. The vertical traverse inside the tunnel test section held the probe support in the axial orientation
aligned with the tunnel airflow, and the probe support held the hot-wire probe at its tip. In this way, the probe could
be moved both horizontally and vertically within the wind tunnel to reach various locations within the selected
cross-section. Two fairings in the shape of NACA 0015 wing sections were attached to the vertical traverse with
masking tape in order to mitigate blockage and flow separation over the vertical traverse’s blunt body. The
fairings—shown in Fig. 4—were constructed using balsa wood for the NACA 0015 wing ribs, a thick cardboard-like
construction paper for the skin, and high-strength Gorilla® glue to bond the ribs and skin together.

Figure 4. A fairing used to minimize the blockage and flow separation effect on the vertical traverse.
Due to the significant weight of the vertical traverse and the steel horizontal beam, the movement apparatus sagged
inside the tunnel thus inclining the vertical traverse in a slightly non-vertical orientation. Therefore, small wheels
were attached under the vertical traverse in order to support its weight and provide it with a true vertical orientation.
The horizontal traverse was operated with an Isel®-designed remote control and the vertical traverse was operated
from a computer, using the software COSMOS 3.1.6(1), which can be freely downloaded from the Velmex support
site: http://www.bislide.com/controls/downloads_software.xml.
The probe apparatus—designed by TSI—provided the means for the probe to communicate with a computer,
which used the TSI-designed software, Thermalpro(2), to analyze the probe voltage readings and convert them to
velocity readings. This apparatus consisted of a dual-sensor hot-wire probe (model number: 1241-20), a two-sensor
probe support (model number: 31-102-1050), a 2-channel IFA 300 constant temperature anemometer (sampling rate:
1000Hz, sampling interval: 1.042e-3 seconds), and a data acquisition (DAQ) card. The probe was inserted into the
probe support, which communicated with the IFA 300 via an RG58/U 50-ohm coaxial cable; the IFA 300
communicated with DAQ card through another 50-ohm coaxial cable and the DAQ card communicated with the
computer through a DAQ cable. The IFA 300 constant temperature anemometer, DAQ card, and DAQ cable are
shown in Fig. 5, and a wiring schematic for the probe apparatus is shown in Fig. 6.
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Figure 5. IFA 300 constant-temperature anemometer with DAQ card.

Figure 6. Wiring schematic for the probe apparatus.
The pre-experimental procedure consisted of assembling the movement and probe apparatuses. The movement
apparatus was assembled first because it required more time. The horizontal beam was arc welded—at a Cal Poly
machine shop—to the customized jaw insert and the jaw insert was clamped within two steel jaws by means of two
vertical bolts, as shown in Fig. 7.
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Figure 7. Horizontal beam with steel jaws attached.
These steel jaws were then inserted into another set of jaws mounted on a plate (the beam plate) that was designed to
be bolted to another plate on the horizontal traverse (the traverse plate). The horizontal beam was slid through the
foam-lined gap in the wind tunnel test section and the beam and traverse plates were bolted together. The traverse
plate and the final setup of the horizontal beam and traverse are shown in Fig. 8.

Figure 8. Horizontal beam to horizontal traverse mounting setup.
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Next, the vertical traverse was bolted to the other end of the horizontal beam. This was done using three bolts, two L
brackets, and a steel mounting plate. The mounting plate was attached to the horizontal beam using the brackets and
bolts, and the vertical traverse was mounted to the mounting plate with Velmex-designed mount jaws. This setup is
shown, generally in Fig. 9, and in more detail in Fig. 10.

Figure 9. Vertical traverse mounting setup.

Figure 10. Vertical traverse mounting setup in detail.
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The traverse motor cables that allow communication between the traverse motors and their respective controllers
were connected, and the vertical traverse motor cables (labeled in Fig. 12) were taped to the horizontal beam in
order to prevent movement during wind tunnel operation. A wiring schematic of the vertical traverse and its motor
controller (model VXM-1, serial number: 060417) is shown in Fig. 11; the corresponding schematic for the
horizontal traverse is identical to Fig. 11, except that the RS-232 DB-9 serial cable is connected to an Isel®-designed
remote control instead of a computer. The wheels were attached underneath the vertical traverse using duct tape and
the traverse’s weight to keep them in position, and the two fairings were secured to the vertical traverse with
masking tape. At this point, the movement apparatus was assembled and assembly of the probe apparatus began.

Figure 11. Wiring schematic for the vertical traverse-controller setup.
The probe support was clamped to the vertical traverse by means of a horizontally v-notched plate that was
bolted to the vertical traverse plate. The coaxial cable was connected from channel 1 on the probe support to channel
1 on the IFA 300 anemometer, and the appropriate connections were made from the IFA 300 channel 1 output to the
DAQ card and from the DAQ card to the computer. Because channel 2 on the IFA 300 was malfunctioning, only
channel 1 was used and only one of the two sensors on the hot-wire probe was used to acquire data. Although the
dual-sensor hot-wire probe is meant to use both sensors to measure velocity in two-dimensional flow, one sensor can
be used to accurately determine velocity with the assumption that the flow is completely one-dimensional. This
assumption was made because flow perpendicular to the wind tunnel axis is so small as to be considered negligible,
thus yielding one-dimensional flow. Lastly, the hot-wire probe was inserted into the probe support and the IFA 300
anemometer and traverse motor controllers were powered on.
Once the two apparatuses had been assembled and were operational, the experimental procedure began. First, the
probe was calibrated inside the wind tunnel by recording voltage readings at various velocities increasing from 0 to
30 meters per second. This resulted in a voltage versus velocity curve which was used to relate the probe voltage
reading to velocity. After the calibration was completed, the process of data acquisition began. First, a boundary
layer survey of the wind tunnel far wall—or wall closest to the lab computers—was acquired. Then a velocity
survey was taken of the entire cross-section minus the section’s square quarter that borders the wind tunnel floor and
near wall—or wall closest to the facility doors. This velocity survey was called a rough survey because the cell
dimension, or distance vertically and horizontally between each survey point in the grid, was set as four inches.
After the rough survey was completed, a fine velocity survey was taken of the unexplored cross-section quarter,
with the cell dimension set as two inches. While acquiring the rough and fine velocity surveys, the vertical traverse
had to be dismounted from the horizontal beam’s end and remounted in front of the beam at various increments
along it. This was due to the fact that the horizontal traverse’s track was too short to allow the vertical traverse (and
therefore the probe) to reach the tunnel’s near wall. This alternative mounting of the vertical traverse was done
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using a deep-throat C-clamp and an extra steel plate (the alternative mount plate) in a configuration shown in Fig.
12.

Figure 12. Alternative mounting of vertical traverse in front of horizontal beam.
Detailed views of the alternative mount plate are shown in Figs. 13 and 14. As can be seen in Fig. 13, three washers
were used to fill the extra space remaining between the alternative mount plate and the lower L bracket. Figure 14
shows, in detail, how the alternative mount plate was clamped to the horizontal beam using the C-clamp.

Figure 13. First detailed view of alternative mount plate showing plate-bracket setup.
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Figure 14. Second detailed view of alternative mount plate showing plate-beam setup.
While the vertical traverse was mounted in the alternative mount configuration, the probe support could only move
vertically above or below the horizontal beam, but not across it. Therefore, survey points above the beam were taken
first, after which airflow in the tunnel was stopped, the probe and probe support were disassembled, the vertical
traverse vehicle (labeled in Fig. 2) was positioned below the beam, the probe and probe support were reassembled,
airflow was restarted and brought back to 30 meter per second, and survey points below the beam were taken. The
above-mentioned process was repeated several times because the vertical traverse had to be positioned at several
different locations along the horizontal beam in order to acquire all survey points. After the boundary layer survey
and rough and fine velocity surveys were fully acquired, the process of data acquisition was completed. The two
apparatuses were disassembled and the wind tunnel facility was cleaned, thus completing the experimental
procedure.

III.

Analysis

A. Calibration
The user can use any of several equations to fit the calibration curve. For our experiment we used King’s Law
which is widely accepted for hot-wire anemometer use(3). King’s law is defined by the following equation,
   

(1)

where E is the output voltage from the probe, u is the velocity of the flow past the anemometer, and A, B, and n are
constants. King’s law is a common equation used for hot-wire and hot-film anemometers and accurately represents
the voltage change across the probe.
B. Survey
The velocity u for each data point in a sample at one location, is calculated using King’s law by the
Thermalpro(2) software, from which the mean velocity at one location U is obtained. Defining the velocity
fluctuation at one location as,
 
where velocity fluctuation is  , its root-mean-square value at one location 
intensity at one location is calculated with the following equation,

(2)


can be calculated. Turbulence
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(3)



where TI is turbulence intensity, U is mean velocity, and   is the root-mean-square value of the velocity over the
sample size. Note that all terms discussed prior to this point pertain to a single location in the tunnel test section.
The relative velocity deviation is defined as the ratio of the difference between the mean velocity measured at a
single location (U) and the average of mean velocities throughout the tunnel cross-section (  ), and the crosssectional average velocity  :
 !"# 

IV.
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%&'

(4)

Results and Discussion

C. Probe Calibration
The calibration process was applied to the model 1241-20 cross-plane X-wire probe using single sensor settings
on the IFA 300. The probe was calibrated in the wind tunnel and the calibration curve is shown in Fig. 15.
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Figure 15. Probe calibration curve.
The plot shown is used to calculate the velocity of the flow from the probe output voltage. The output voltage is
shown on the y-axis and the flow velocity is shown on the x-axis. The final data point from the calibration was at
30.5 m/s. The percent error from the curve through the calibration points at each calibration point is shown by the
blue squares with the scale on the right of the graph. The MSE was 0.348% which is very low and acceptable for
testing purposes.
The curve equation used was a King’s Law curve with coefficients A = 1.5538, B = 0.6027, and n = 1.7857. This
curve was used to calculate the velocity at all points taken in the wind tunnel.
D. Rough Survey
The majority of the wind tunnel data points were taken every 4 inches from wall to wall and from the floor to the
ceiling of the tunnel. Due to equipment constraints the maximum height from the floor was 24 inches and 8 inches
was the smallest distance achievable to the near wall.
The standard deviations of mean velocity U and turbulence intensity TI were found to be 1.12 m/s and 0.482%
respectively. To ensure that data from different runs was comparable, the velocity deviation was used. However
since the turbulence intensity is not directly measured but calculated using the standard deviation of the data set, it
can be used directly rather than averaging over the entire cross section.
Figure 16 is a map of the velocity deviation, defined as the percent difference in velocity from the cross-sectional
average velocity.
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Figure 16. Velocity deviation map.
ion is measured in % of cross-sectional average velocity. The maximum deviation is 3.1%
The velocity deviation
which occurs at 8 inches from the left wall and 5.125 inches from the floor of the wind tunnel in the bottom left
corner.. In this region unexpectedly high velocities were found, and the velocity recorded at the maximum deviation
was 32.23 m/s compared to that runs average of 31.04 m/s. Most of the wind tunnel has relatively low velocity
deviations and only a few areas exceed 2% from the mean.
Figure 17 shows the turbulence
ence intensity throughout the wind tunnel.

Figure 17. Turbulence intensity map.
Turbulence intensity is measured by using eequation (2). The lighter blue colors show where the turbulence
intensity is above 0.5%. There are two rregions
egions where the turbulence intensity is above 0.5% which are at the bottom
left of the tunnel in the corner and also in the center near the top of the tunnel
tunnel. The maximum turbulence intensity is
2.7% which is much higher than ideal. Also the lower left corner has a slight
ight increase in turbulence intensity.
intensity The
region of high turbulence intensity was double checked several weeks later and the results were very similar and did
not change the turbulence intensity map. Since these results are repeatable
repeatable, the high
gh turbulence is not
no the result of a
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problem with the probe during test day. H
However, we cannot see any obvious reason that the wind tunnel would
have such a high turbulence intensity in this region as there are no obvious obstructions or other anomalies.
E. Fine Survey
Previously the wind tunnel had a separation region in the lower left hand corner due to a large amount of dust
being caught in the screen. One of the main points of the survey was to make sure the flow in the lower left had been
fixed. Thereforee a finer survey was conducted in the lower left hand corner with data points taken every 2 inches.
The closest data point was 8 inches from the wall and 6 inches from the floor moving up to a vertical height of 14
inches and outward to the middle of the w
wind tunnel
unnel at 24 inches horizontally. As before, turbulence intensity and
velocity data were taken. Figure 18 shows the velocity deviation from the average throughout the fine survey region.

Figure 18
18. Velocity deviation in the fine survey.
The velocity deviation again is calculated as the percent difference from the cross-sectional
sectional average velocity
through the tunnel. From the graph, most of the region shows very low velocity deviations at less than 1%. However
Howeve
there is a strip in the middle and along the wall where the velocity deviation is around 1.5%. The general trend is
that towards the middle of the tunnel, the velocity deviation decreases.
Figure 19 shows the turbulence intensity map in the fine survey rregion.

Figure 19
19. Turbulence intensity in the fine survey.
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From the graph, the turbulence intensity is always below 0.5% which is ideal. The points near the walls have the
highest turbulence intensity, however they never exceed 0.36% and in the center of the survey has the lowest
turbulence intensities of about 0.2%.
F. Boundary Layer Size
Another goal of the survey was to determine how large the boundary layers on the walls are. For this the probe
was placed at the tunnel’s vertical midpoint (17 inches above the tunnel floor) and the distance from the wall was
varied from 8 inches to 1.25 inches with the final increments being 0.25 inches.
Figure 20 shows the velocity and turbulence intensity values at differing distance from the wall.

Figure 20. Boundary layer velocity and turbulence intensity.

From the graph, the turbulence intensity increases dramatically once the boundary layer is reached. The
Th velocity
only begins to rapidly decrease at about 2 inches from the wall, when the probe is well within the boundary layer. To
estimate the thickness of the boundary layer, the turbulence intensity graph will be used. The turbulence intensity
starts to increase at about 6 inches from the wall, and increases dramatically at 4 inches. Therefore the boundary
layer thickness is estimated
timated to be 6 inches from the wall. At 6 inches from the wall, the velocity is 30.1 m/s which
results in a U/U∞ of 99%.

V.

Conclusion

A velocity and turbulence intensity survey was performed on the Cal Poly 3 x 4 ft low speed wind tunnel. The
turbulence intensity was found to be within the acceptable range of < 0.5% for most of the wind tunnel outside the
boundary layers. However there was a pocket of high turbulence at the top of the tunnel near the center which
warrants further study. The testing area ooff the wind tunnel near the centerline vertically has very small velocity
deviations and low turbulence intensity. The boundary layers were found to be about 6 inches
ches thick on the walls.
The boundary layer size was found mainly by looking at the turbulence intensity rise near the walls of the wind
tunnel. Therefore it is acceptable for experimental testing. In the future, finding the 2-dimensional
dimensional velocity
components and upsweep angle of the flow would be useful. For that
that, the IFA 300 channel 2 needs to be repaired
r
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and the x-wire probes calibrated. Further testing could be done on the effect that downstream or upstream probe
location has on the wind tunnel’s velocity distribution, turbulence intensity, and boundary layer size.
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